ABSTRACT. Atypical bovine spongiform encephalopathy (atypical BSE) has recently been identified in several countries including Japan. Most cases of atypical BSE have been reported in cattle older than 8 years of age. To clarify the association between age and occurrence of atypical BSE, we investigated both the physiological properties and amount of cellular prion protein (PrP C ) in brain homogenates from young and aged cattle by enzyme-linked immunosorbent assay and immunoblotting. The amount of PrP C in the brain homogenates was not significantly different between young and aged cattle, but the amount in the detergent-insoluble fraction in the aged cattle was significantly higher than that of young cattle. Significant differences were observed in neither of the glycosylation forms nor in proteinase K sensitivity in young and aged cattle. Age-related changes included deposition of lipofuscin pigment and a decrease of 33% in proteasome activity in the brains of aged cattle compared to that of young cattle.
Prion diseases, also known as transmissible spongiform encephalopathies (TSE), are a group of fatal neurodegenerative disorders caused by accumulation of the proteinase K (PK)-resistant pathogenic isoform (PrP res ) in the host cellular prion protein (PrP C ) [17] . TSE, which have been found in humans and other mammalian species, include bovine spongiform encephalopathies (BSE) in cattle and scrapie in sheep and goats. Only one strain of BSE prion was originally thought to exist, in contrast to the many different scrapie strains found around the world [3] . Recently, however, a strain of atypical BSE, which is different from the classical BSE, was independently reported in Italy [5] , France [1] , and Japan [21] . Atypical BSE is classified into two different types: H-type, characterized by a higher molecular mass associated with the unglycosylated protein band, and L-type or a bovine amyloidotic spongiform encephalopathy (BASE), characterized by an unglycosylated protein band with a lower molecular mass and the predominance of a monoglycosylated band [1, 5] .
To date, more than 40 cases of atypical BSE, including 2 cases in Japan [13, 21] , have been documented globally through active surveillance systems. Most atypical BSE cases have occurred in cattle over 8 years of age, although classical BSE cases occur mostly in animals between 4 and 6 years of age. This indicates that atypical BSE might be associated with cattle age or age-related retrogressions such as proteasome activity. However, the biochemical properties and expression of PrP C in the brain of aged cattle remain largely unclear.
To clarify the existence of any relationship between cattle age and occurrence of atypical BSE, the physiological properties and amount of PrP C expression in brain homogenates were compared between young and aged cattle. Relative expressions of PrP C in brain homogenates were not significantly different between the young and aged cattle, but the amount of detergent-insoluble PrP C fraction in the aged cattle was slightly higher than that of the young cattle. The activity of proteasomes in the brain of aged cattle decreased by about 33% compared to that of young cattle, and deposition of lipofuscin pigment increased with advancing age.
MATERIALS AND METHODS

Brain samples:
The medulla oblongatae of bovine brains from 52 young healthy cattle (age: 20-35 months, Holstein) were obtained from the Gifu Prefectural Office of Meat Inspection in Japan. The medulla oblongatae from 63 aged healthy cattle (age: 120 months, Holstein) were obtained from the Matsumoto Meat Inspection Center in Japan. All medulla oblongatae samples were tested negative for BSE according to enzyme-linked immunosorbent assay (ELISA) kit. Medulla oblongatae from three young and three aged cattle were fixed in 10% formalin for histological analysis. The remaining samples were kept frozen at 80C until use in ELISA and immunoblotting analyses.
Preparation of brain homogenate and fractionation: Ten percent (w/v) of brain homogenates from obex regions were prepared in 5 ml of lysis buffer [10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% nonidet P-40 (NP-40), 1.25 mM EDTA pH 8.0 and 0.5% sodium deoxycholate] on ice by means of a pestle, as described by Yuan et al. [23] . The brain homogenates were centrifuged at 2,500 rpm (570 × g) for 10 min at 4C to collect supernatant, designated as the S1 fractions. The S1 fractions were further centrifuged at 50,000 rpm (100,000 × g) in an Optima TLX Ultracentrifuge with a TLA100.3 rotor (Beckman Coulter, Fullerton, CA, U.S.A.) for 1 hr at 4C. After ultracentrifugation, the detergent-soluble (S2) fraction and the detergent-insoluble (P2) fraction were separated. The S2 fractions were concentrated with a 4-fold volume of methanol at 20C for 30 min, and then the S2 and P2 fractions were resuspended in the buffer (10 mM Tris-HCl pH7.5 and 150 mM NaCl). Protein concentrations in the S1, S2 and P2 fractions were determined by spectrophotometer and a DC protein assay kit (Bio-Rad Laboratories, Hercules, CA, U.S.A.).
20S proteasome activity assay: The proteasome activity in the S1 fractions of brain homogenates from both young and aged cattle were measured with a 20S proteasome activity assay kit (Chemicon International, Temecula, CA, U.S.A.) according to the manufacturer's instructions. The assay kit works by detecting fluorophore 7-amino-4-methylcoumarin (AMC) after it is cleaved from the labeled substrate LLVY-AMC by the hymotrypsin-like activity of cellular proteasome. Free AMC was subjected to quantified fluorescence measured with a 380/460 nm filter set with a Wallac 1420 ARVOsx Multilabel Reader (PerkinElmer, Waltham, MA, U.S.A.). To measure the proteasome activity with the inhibitors, the S1 fractions were incubated with proteasome inhibitors such as 0.1 μg/μl of lactacystin.
PK digestion and deglycosylation of PrP C : For PK (Roche Diagnostics, Mannheim, Germany) digestion of PrP C , 25 samples were incubated with several PK concentrations ranging from 0 to 5 μg/ml for 30 min at 37C, and then the reaction was terminated by addition of 0.1 mM Pefabloc (Roche Diagnostics).
For deglycosylation of the PrP C , 9 μl amounts from six samples were denatured with 1 μl of 10 × glycoprotein denaturing buffer [6% 2-Mercaptoethanol and 10% Sodium Dodecyl Sulfate (SDS)] and boiled for 10 min. Next, 2 μl of 500 mM sodium phosphate (pH 7.5), 2 μl of 10% NP-40, 4 μl of water and 2 μl of recombinant Peptide N-glycosidase F (PNGase F; Roche Diagnostics) were added and they were then incubated for 1 hr at 37C. The PNGase F reaction was stopped by addition of 20 μl of 2 × sample buffer (25 mM Tris-HCl pH 6.8, 2% Glycerol, 1.2 mM EDTA pH 8.0, 0.016% 2-Mercaptoethanol, 0.016% Bromo phenol blue, 2% SDS and 0.096% Urea) before subjecting samples to SDS polyacrylamide gel electrophoresis (SDS-PAGE).
SDS-PAGE and immunoblotting: Samples were mixed with an equal volume of 2 × sample buffer and boiled for 10 min. Ten micrograms of proteins were separated by TrisGlycine SDS-PAGE with 12% NuPAGE polyacrylamide gel (Invitrogen, Carlsbad, CA, U.S.A.). The size fractionated proteins on the gels were electrotransferred onto immobilon-P polyvinylidene fluoride (PVDF; Millipore, Billerica, MA, U.S.A.) membranes at 65 V for 2 hr at 4C. Membranes were blocked with 5% nonfat milk in phosphate buffered saline plus 0.1% Tween 20 (PBST) and reacted with anti-PrP 44B1 monoclonal antibody (mAb; [12] ). The samples were also reacted with two anti-PrP mAbs 110 [12] or SAF32 (Bertin, Paris, France) recognizing N-terminal octa-repeat region. The PVDF membranes were washed in PBST and then incubated with the appropriate secondary antibody conjugated with horseradish peroxidase (GE Healthcare, Buckingham, U.K.). The bands that reacted with antibodies were then visualized by enhanced chemiluminescence (ECL kit, GE Healthcare), and detected by LAS-4000UVmini lumino image analyzer using MultiGauge software (Fujifilm, Tokyo, Japan).
After immunodetection with anti-PrP mAb 44B1, the antibodies bound to membranes were completely stripped, and reprobed with anti-synapsin I mAb (Sigma-Aldrich, St. Louis, MO, U.S.A.) by the same procedure as described above for cellular protein.
ELISA: To estimate the quantity of glial fibrillary acidic protein (GFAP) in the brain homogenates, S1 fractions (young cattle, n=10; aged cattle, n=8) were analyzed with a RIDA SCREEN ® Risk Material 10/5 ELISA (R-Biopharm AG, Darmstadt, Germany) according to the manufacturer's instructions. To determine the quantity of PrP C in the brain homogenates from young and aged cattle, the S1 (young cattle, n=10; aged cattle, n=8) and, S2 and P2 (young cattle, n=20; aged cattle, n=45) were analyzed by FRELISA ® BSE (FUJIREBIO, Tokyo, Japan). Results were examined for statistical significance with the Student's unpaired t-test.
Histological analysis: Formalin-fixed medulla oblongatae at the obex were defatted with alcohol and embedded in paraffin. The paraffin-embedded blocks were cut into 4-μm sections, and routinely deparaffinized, rehydrated, and then stained with hematoxylin and eosin (HE).
RESULTS
Physiological comparison of obex samples from young and aged cattle:
To examine whether the proteasome activity in bovine brain is influenced by advancing age, 20S proteasome activity in brain homogenates from young and aged cattle was determined in the S1 fractions with a 20S proteasome activity assay kit. The 20S proteasome activity of the aged cattle was about 33% lower than that of the young cattle: this represents a significant difference (P0.01, Fig. 1 ). When the samples were incubated with the lactacystin inhibitor, the proteasome activity decreased 24% in the young cattle and 26% in the aged cattle.
Histological analysis revealed deposition of lipofuscin pigment in the obex region in both the young and aged cattle, with more deposition in the aged cattle (data not shown).
Expression of PrP in the S1 fraction was not significantly different between the young and aged cattle (Fig. 2A) . The amount of glial marker GFAP in the S1 fraction was also not significantly different between the young and aged cattle (Fig. 2B) . The amount of PrP C in the P2 fraction was significantly higher in the aged cattle than in young cattle (P0.05), while the amount of PrP C in the S2 fraction showed no significant dif-PRP C PROPERTIES OF YOUNG AND AGED CATTLE ference (Fig. 2C) .
The PrP C immunoblot profile was examined with antiPrP mAb 44B1 (Fig. 3) . In the S2 fraction, one major band migrating at approximately 35 kDa (lanes 2-6) is shown in Fig. 3 . In the P2 fraction, one major band migrating at 26-17 KDa was detected with mAb 44B1, but not with N-terminal recognizing mAbs 110 and SAF32, suggesting that the 26-17 KDa band corresponds to the N-terminally truncated form (Fig. 3) . The quantities of synapsin I in the S2 and P2 fractions were not significantly different between the young and aged cattle, although the bands reacted with anti-synapsin I were slightly different between S2 and P2 fractions.
Treatment with PNGase F and PK-sensitivity of PrP C : After treatment with PNGase F, the PrP C in the S2 and P2 fractions shifted mainly to the 30-kDa band corresponding to the full-length PrP C and the 18-kDa band corresponding to an N-terminally truncated PrP C fragments (Fig. 4) . There was no significant difference in glycosylation forms between the young and aged cattle.
To examine PK sensitivity, the S2 and P2 fractions from different aged cattle were treated in either the absence or presence of 1, 1.25, 1.6, 2.5 and 5 μg/μl of PK for 30 min, after which the PrP C molecules were studied by immunoblot analysis (Fig. 5 ). After incubation with 5 μg/μl of PK, most PrP C in the S2 fraction was relatively digested in contrast to PrP C in the P2 fraction. These results indicate that the S2 fraction was relatively sensitive to PK concentration in both the young and aged cattle, whereas the P2 fraction was relatively resistant to PK treatment in both the young and aged cattle.
DISCUSSION
To clarify the relationship between aged cattle and the occurrence of atypical BSE, we focused on the physiological properties and amount of PrP C in brain homogenates from young and aged cattle. In this study, the brains of aged cattle (>120 months) exhibited a significant decrease in the 20S proteasome activity, and deposition of lipofuscin pigment served as a sign of aging. Oxidative metabolism is essential for neurons to generate energy, because the high energy demands in neurons lead to aging vulnerability [7] . Additionally, lipofuscin contains some materials derived from lysosomal degradation; furthermore, it increases with aging [7] .
We believe our study is support for the age-related decreases of protein turnover in cells. In our study, the amount of PrP C in the detergent-insoluble (P2) fraction was significantly higher in the young than in the aged cattle (Fig.  2C) , which agrees well with a decrease in protein turnover including 20S proteasome activity with aging. In vitro evidence has shown that the 20S proteasome selectively degrades damaged proteins following an oxidative insult [8] , and is a marker of the primary mechanism for the degrading oxidized proteins [6] . Age-related decline in proteasome activity is also reported in the brain [4] and spinal cord [11] .
To analyze more details of the physiological properties of PrP C , the S1 fraction was then fractionated into detergentsoluble (S2) and detergent-insoluble (P2) proteins. PrP C amounts in the S2 and P2 fractions of the aged cattle was slightly higher than that of young cattle, while PrP C amount of the S1 fraction was almost same in young and aged cattle ( Fig. 2A) . Several experiments using proteasomal inhibitors such as MG132 and N-acetyl-leucinal-leucinal-norleucinal (ALLN) revealed that wild type PrP C is accumulated in both detergent-soluble and -insoluble species, when cells are incubated with proteasomal inhibitors [14, 22] . In particular, the insoluble fraction includes an unglycosylated 26 kDa PrP C molecules with a proteaseresistant core [14, 22] . Thus in our study, the remarkable accumulation of PrP C in the P2 fraction of the aged cattle may be caused by the significant decreases in the 20S proteasome activity ( Figs. 1 and 2 ). In our study, the P2 samples from young and aged cattle were relatively resistant to PK treatement. However, it is not clear how the physiological properties of PrP C such as PK resistance and accumulation of PrP C in the P2 fraction of the aged cattle are associated with occurrence of atypical BSE. In the future, to elucidate the relationship between expression of PrP C and occurrence of atypical BSE, brain samples from atypical BSE need to be characterized directly.
We found influences of aging on neither of the glycosylation forms nor on PK sensitivity in the bovine PrP C . However, Goh et al. described both an increasing prevalence in the complex oligosaccharides in PrP C from aged mice and an absence of any relationship between aging and PK sensitivity of mouse PrP C [10] . We conclude that age-related physiological changes in PrP C are not the same in cattle and mice. Likewise, Salès et al. reported that PrP C expression increase with age in the brain of hamsters [18] , while in the present study, the amount of PrP C in the S1 fractions were similar in young and aged cattle, suggesting that PrP C expression may not change drastically with age in the brains of cattle. Again, we conclude interspecies differences.
The present study provides insight into possible explanations for the correlation between cattle age and occurrence of atypical BSE. Perhaps aging should not be considered strictly as an influence on PrP C , but also as an influence on variable structures and functions of the brain due through genetic and environmental mechanisms. Despite the plethora of research on neurodegenerative diseases associated with aging in humans, such as Alzheimer's and Parkinson's diseases, questions concerning aging still remain [7] . Mitochondrial dysfunction is thought to be a key factor in agerelated diseases of humans [19] and should therefore be investigated in the cattle. Biological relationships between aging and PrP C , including antioxidant-like activity [2] , synaptic transmission [15] , and the expression of PrP C in brain homogenates after PK treatment. The samples after PK treatment were separated by SDS-PAGE, transferred onto PVDF membranes and reacted with mAb 44B1. Lane 1, Scrapie (Obihiro strain) affected mouse brain; S2, lanes 2-7; P2, lanes 9-13; lanes 2 and 8, non PK control.
to oxidative stress in the aged mice [20] , have also been reported. Thus, it is conceivable that PrP C plays a role in protecting neurons from the effects of cellular stress.
The origin and mechanisms of the occurrence atypical BSE remains unknown, as with classical BSE. Only one cases of atypical BSE have been reported in young cattle, while classical BSE occurred in aged cattle in Japan [13, 21] . It is very difficult to precisely estimate the influences of age on atypical and classical BSE cases. Atypical BSE and classical BSE display unique incubation periods, PrP res deposition patterns, and histological lesions [9, 16] . However, because the onset of BSE is affected by exposure dose of BSE agent and host susceptibility, it is difficult to estimate the infection time for both classical and atypical BSE cases. There is a possibility that atypical BSE agents could infect young cattle and reside within the body for long periods before symptoms of BSE appears in aged cattle. In addition, the low prevalence of atypical BSE identified through mainly active surveillance means that whole brains are not often available for examination. Thus the need remains for detailed sampling of the brain, with the exception the obex region, to determine the etiology of atypical BSE.
